Abstract-A bidirectional isolated full-bridge dc-dc converter with a conversion ratio around nine times, soft start-up, and soft-switching features for battery charging/discharging is proposed in this paper. The converter is equipped with an active flyback and two passive capacitor-diode snubbers, which can reduce voltage and current spikes and reduce voltage and current stresses, while it can achieve near zero-voltage-switching and zero-current-switching soft-switching features. In this paper, the operational principle of the proposed converter is first described, and its analysis and design are then presented. A 1.5-kW prototype with a low-side voltage of 48 V and a high-side voltage of 360 V has been implemented, from which measured results have verified the discussed features.
I. INTRODUCTION

I
N RENEWABLE dc supply systems, batteries are usually required to back up power for electronic equipment. The voltage levels of the batteries are typically much lower than the dc-bus voltage. Bidirectional converters for charging/ discharging the batteries are therefore required. In past studies, bridge-type bidirectional isolated converters have been widely applied to fuel cell and electric vehicle driving systems [1] - [6] . For raising power level, a dual full-bridge configuration is usually adopted [7] - [18] , and their low and high sides are typically configured with boost-and buck-type topologies, respectively. However, component stress, switching loss, and electromagnetic interference (EMI) noise are increased due to diode-reverse-recovery current and MOSFET drain-source voltage, resulting in low reliability. A more severe issue is due to leakage inductance of the isolation transformer, which will result in high-voltage spike during switching transition. A possible solution is to pre-excite the leakage inductance to raise its current level up to that of the current-fed inductor, which can reduce their current difference and, in turn, reduce voltage spike. However, since the current level varies with load condition, it is hard to tune the switching timing to match these two currents. Thus, a passive or an active snubber circuit is still needed.
Passive and active clamp circuits were proposed to suppress the voltage spike due to the current difference between the current-fed inductor and leakage inductance currents [13] , [14] . A conventional passive approach is employing a resistor-capacitor-diode snubber to clamp the voltage, and the energy absorbed in the buffer capacitor is dissipated on the resistor, resulting in low efficiency. On the other hand, a simple active clamping circuit [13] was proposed, which is shown in Fig. 1 . However, the resonant current will flow through the main switches, increasing current stress significantly. An isolated bidirectional converter with a flyback snubber was therefore proposed [18] , [19] , which is shown in Fig. 2 . The flyback snubber can recycle the absorbed energy which is stored in the clamping capacitor C C , while without current flowing through the main switches. It can also clamp the voltage to a desired value just slightly higher than the voltage across the lowside transformer. Since the snubber current does not circulate through the main switches, current stress can be reduced a lot under heavy-load condition. Furthermore, the flyback snubber can be controlled to precharge the high-side capacitor to avoid in-rush current during a start-up period. However, the low-and high-side switches are operated with hard switching turnoff, resulting in high-voltage spikes.
To solve the aforementioned problem, we first introduce two buffer capacitors (C b1 and C b2 ) connected in parallel with the upper legs of the voltage-fed bridge, as shown in Fig. 3 . With these two buffer capacitors, the low-and high-side switches can operate with near zero-voltage switching (ZVS) and zerocurrent switching (ZCS). However, when it is operated in stepdown conversion, these capacitors will resonate with leakage inductance of the transformer, causing EMI noise and increasing switching loss. Thus, two passive capacitor-diode snubbers are proposed to supplement the active flyback snubber, as shown in Fig. 4 . The proposed snubber configuration cannot only reduce the voltage spike caused by the current difference between the leakage inductance and current-fed inductor currents but also can relieve the drawbacks of high-current and high-voltage stresses imposed on the main switches at both turn-on and turnoff transitions. Moreover, it can achieve near ZVS and ZCS for the switches on both sides of the transformer.
II. CONFIGURATION AND OPERATION
The proposed soft-switching bidirectional isolated fullbridge converter with an active flyback and two passive capacitor-diode snubbers is shown in Fig. 4 . It can be operated with two types of conversions: step-up conversion and stepdown conversion. Fig. 4 consists of a current-fed switch bridge, an active flyback snubber at the low-voltage side, a voltage-fed switch bridge, and a passive snubber pair at the high-voltage side. Inductor L m performs output filtering when power flows from the high-voltage side to the low-voltage side, which is denoted as a step-down conversion. On the other hand, it works in the step-up conversion. Moreover, snubber capacitor C C and diode D C are used to absorb the current difference between current-fed inductor current i L and leakage inductance current i P of isolation transformer T P during switching commutation. The flyback snubber is operated to transfer the energy stored in snubber capacitor C C to buffer capacitors C b1 and C b2 , and voltage V C can drop to zero. Thus, the voltage stresses of switches M 1 ∼ M 4 can be limited to a lower level, achieving near ZCS turnoff. The main merits of the proposed snubber include no spike current circulating through the switches and achieving soft-switching features. Note that high spike current can result in charge migration, over current density, and extra magnetic force which will deteriorate in MOSFET carrier density, channel width, and wire bonding and, in turn, increase its conduction resistance.
In 
In the meantime, high-side current i S has the priority flowing through one of the two passive capacitor-diode snubbers, and either C b1 or C b2 will be fully discharged before diode
can have near ZCS turn-on feature due to leakage inductance L ll limiting the di/dt of high-side diode-reverse-recovery current. The flyback snubber operates simultaneously to discharge snubber capacitor C C and transfer the stored energy to buffer capacitors C b1 and C b2 . With the flyback snubber, the energy absorbed in C C will not flow through switches M 1 ∼ M 4 , which can reduce their current stresses dramatically when the leakage inductance of the isolation transformer is significant.
The key voltage and current waveforms of the converter operated in the step-up conversion are shown in Fig. 5 . A detailed description of the converter operation over a halfswitching cycle is presented as follows.
1) Mode 1 [t 0 ≤ t < t 1 ]: Before t 0 , all of the four switches
At t 0 , M 1 and M 4 remain conducting, while M 2 and M 3 are turned off. Then, clamping diode D C conducts, and snubber capacitor C C is charged by the current difference i C . In this mode, the flyback snubber still stays in the OFF state. The equivalent circuit is shown in Fig. 6 
(a). 2) Mode 2 [t 1 ≤ t < t 2 ]:
In this mode, leakage inductance current i P will start to track current i L , and buffer capacitor C b1 will start to release energy. At time t 2 , current i P is equal to current i L , the voltage of switches M 2 and M 3 and capacitor C C will reach the maximum value simultaneously, and its equivalent circuit is shown in 
Fig. 6(b). A near ZCS soft switching is therefore attained during
Before t 3 , the energy stored in buffer capacitor C b1 is not fully discharged yet. Thus, the capacitor will not stop discharging until V b1 drops to zero. The equivalent circuit is shown in Fig. 6 (c). 4) Mode 4 [t 3 ≤ t < t 4 ]: When the energy stored in C b1 has been completely released to the output at t 3 , diode D 5 will conduct. The circuit operation over this time interval is identical to a regular turnoff state of a conventional current-fed full-bridge converter. The equivalent circuit is shown in Fig. 6 
(d). 5) Mode 5 [t 4 ≤ t < t 5 ]:
At t 4 , all of the four switches M 1 ∼ M 4 are turned on again, and switch M S of the flyback snubber is turned on synchronously. Switches M 2 and M 3 achieve a ZCS turn-on soft-switching feature due to L ll , and current i P drops to zero gradually. In the flyback snubber, the energy stored in capacitor C C will be delivered to the magnetizing inductance of transformer T S . The equivalent circuit is shown in Fig. 6 (e). 6) Mode 6 [t 5 ≤ t < t 6 ]: When switch M S is turned off at t 5 , capacitor voltage V C drops to zero, and the energy stored in the magnetizing inductance will be transferred to buffer capacitor C b1 . In this mode, the time interval of driving signal V gs(Ms) is slightly longer than the discharging time of capacitor C C . The purpose is to ensure that the energy stored in capacitor C C can be completely released, creating a ZCS operational opportunity for switch M 2 or M 4 at the next turnoff transition. The equivalent circuit is shown in Fig. 6 (f). 7) Mode 7 [t 6 ≤ t < t 7 ]: At t 6 , the energy stored in the magnetizing inductance of transformer T S was completely transferred to buffer capacitor C b1 , and the circuit operation is identical to a regular turn-on state of a conventional current-fed converter. Its equivalent circuit is shown in Fig. 6(g) . The circuit operation stops at t 7 and completes a half-switching cycle. 
B. Step-Down Conversion
In the analysis, the leakage inductance of the transformer at the low-voltage side is reflected to the high-voltage side, in which equivalent inductance L * The key voltage and current waveforms of the converter operated in the step-down conversion are shown in Fig. 7 . A detailed description of its operation over a half-switching cycle is presented as follows. Fig. 8(a) . the same time, switch M S of the flyback snubber is turned on and starts transferring the energy stored in capacitor C C to buffer capacitors C b1 and C b2 . The process ends at t 2 when the resonance goes through a half resonant cycle and is blocked by clamping diode D C . With the flyback snubber, the voltage of capacitor C C will be clamped to a desired level just slightly higher than the voltage of V ds (M 4) . The equivalent circuit is shown in Fig. 8(b) . 3) Mode 3 [t 2 ≤ t < t 3 ]: At t 2 , the body diode of switch M 6 is conducting, and switch M 6 can be turned on with ZVS. The equivalent circuit is shown in Fig. 8(c) . 4) Mode 4 [t 3 ≤ t < t 4 ]: At t 3 , switch M 6 remains conducting, while M 8 is turned off. Buffer capacitor C b2 is discharging by the freewheeling current. When C b2 is fully discharged, a near ZCS turnoff condition is therefore attained, and the body diode of M 7 then starts conducting the freewheeling current. The equivalent circuit is shown in Fig. 8(d) .
5) Mode 5 [t 4 ≤ t < t 5 ]:
At t 4 , with the body diode of switch M 7 conducting, M 7 can be turned on with ZVS. Over this time interval, the active switches change to the other pair of switches, and the voltage across the transformer reverses its polarity. The circuit operation stops at t 5 and completes a half-switching cycle. The equivalent circuit is shown in Fig. 8(e) .
III. DESIGN AND PRACTICAL CONSIDERATION OF SNUBBERS
The purpose of using an active flyback snubber is to transfer energy from snubber capacitor C C to buffer capacitors C b1 and C b2 , which can attain a near ZCS soft-switching feature. To reduce high-voltage spike occurring on switch M S , the flyback snubber is operated in discontinuous conduction mode, and the key components of the proposed snubber are designed as follows.
A. Snubber Capacitor C C
For clamping the switch voltage at the low-voltage side, snubber capacitor C C needs to satisfy the following inequality:
where
B. Leakage Inductance
When the proposed converter is operated under step-down conversion, diode reverse recovery will cause high-current spike during switching transition. The leakage inductance of the transformer can not only limit diode-reverse-recovery current but also can achieve ZVS turn-on with a phase-shift operation manner. The leakage inductance needs to satisfy
However, large leakage inductance will cause high current difference during the step-up conversion, and the flyback snubber needs to process a high power level.
C. Flyback Snubber
During the interval of [t 0 , t 2 ], a high transient voltage occurs under the step-up conversion due to the current difference between the leakage inductance and current-fed inductor currents, which can be suppressed by D C and C C . The energy stored in capacitor C C is transferred to buffer capacitors C b1 and C b2 by the flyback snubber. The power rating of the flyback snubber can be expressed as
where f S is the switching frequency.
D. Magnetizing Inductance of Flyback Snubber
To ensure that snubber capacitor C C can be fully discharged by the flyback snubber, the turn-on time of M S (T ON ) cannot be longer than 1/4 resonant cycle of the magnetizing inductance and C C . Thus, the magnetizing inductance of the flyback snubber should satisfy the following inequality:
where T ON is the conduction time of switches M 1 ∼ M 4 in the step-up conversion.
E. Buffer Capacitors C b1 and C b2
When the converter is operated in the step-down conversion, capacitors C b1 and C b2 can share current i S , and V ds (M 6) and V ds (M 8) will rise up with a lower slope at switches M 6 and M 8 turnoff transition, reducing switching loss. If the power rating becomes higher, buffer capacitors C b1 and C b2 can be enlarged to achieve near ZCS turnoff. On the other hand, when the converter is operated in the step-up conversion, snubber capacitor C C will be fully discharged by the proposed operation scheme.
Meanwhile, current i P can start to rise up because of C b1 and C b2 holding voltage V HV , which can reduce duty loss. For C b1 and C b2 being charged up to V HV by the flyback snubber, they need to satisfy the following inequality:
F. Snubber Diodes D b1 and D b2
In the analysis, if capacitors C b1 and C b2 are connected in parallel with the upper legs of the voltage-fed bridge directly, they will resonate with the leakage inductance during switching transition in the step-down conversion, increasing switching loss. Thus, two snubber diodes D b1 and D b2 are introduced to connect with C b1 and C b2 in series, respectively, and the ringing current through the high-side switches can be blocked effectively.
G. Soft Start-Up
High inrush current is a start-up problem with the step-up conversion. The initial high-side voltage V HV should not be lower than V LV · N S /N P to avoid inrush current. When V HV is not high enough, the controller will drive the flyback snubber to precharge high-side capacitor C HV to achieve a soft start-up feature.
IV. EXPERIMENTAL RESULTS
To verify the operational principle and performance of the proposed converter, three experimental prototypes of 1.5 kW, the converter shown in Fig. 2 (type A) , the one shown in Fig. 3  (type B) , and the proposed, shown in Fig. 4 (type C), were designed and built. The low-side voltage is 42-54 V, and the Fig. 9 . Photograph of proposed converter (type C).
high-side voltage is 360 V. Type C was implemented with the specifications listed in Table I , and a photograph of the 1.5-kW experimental prototype of the proposed converter (type C) is shown in Fig. 9 .
In the following discussion, type A will be first compared with the proposed converter to verify that a turnoff soft-switching feature can be achieved in both step-up and step-down conversions. The voltage and current waveforms measured from type B and the proposed one prove that two snubber diodes D b1 and D b2 are needed to block the ringing current. Then, the current waveforms i P measured from the converter with an active clamp circuit [13] and the proposed one show that the energy stored in C C is recycled by the proposed snubbers and its discharging current does not flow through the main switches.
Measured waveforms of low-side voltage V LV and current i P under step-up conversion are shown in Fig. 10 . For the voltage variation of batteries, the proposed bidirectional converter can cover input voltage range from 42 to 54 V.
Measured voltage waveforms of snubber capacitor V C and V ds(M 4) from type A and the proposed one under step-up conversion are shown in Fig. 11 . It can be observed from Fig. 11(a) that V C is regulated to a desired value just slightly higher than V ds(M 4) in type A. Since the regulated voltage V C is slightly higher than V ds(M 4) , the energy transferred by the flyback snubber is just a small amount. However, the parasitic capacitance of the switches and the stray inductance of the circuit will result in high-voltage spike. In the proposed converter, capacitor C C is fully discharged, which could result in higher energy transferred by the flyback snubber than type A. Thus, capacitor C C should be chosen with a smaller capacitance. For type A, the value of C C is 1 μF, while that of the proposed one is 0.1 μF. Referring to (2), the processed power P FB by the flyback snubber of the proposed one is 36 W, just around 2.4% of the maximum power level. Moreover, the proposed operating scheme can achieve near soft-switching feature for switches M 1 ∼ M 4 at turnoff transition, and the overshoot voltage can be suppressed to a lower level, as shown in Fig. 11(b) . Fig. 12 shows the measured waveform of current i P from type A and the proposed one. Although capacitor C C is fully discharged, the proposed passive snubber can hold voltage V b1 or V b2 . Referring to the following equations, di P /dt of the proposed one is higher than that of type A, which can reduce duty loss
Fig . 13 shows the measured waveforms of voltage V ds(M 4) and current I ds(M 4) from type A and the proposed one at M 4 turnoff transition, in which Fig. 13(a) and (b) are with a load of 1.5 kW and Fig. 13(c) is with 500 W. It can be observed that the voltage spike in type A is up to 197 V, due to the parasitic capacitance of switches M 1 ∼ M 4 and stray inductance on the circuit. On the other hand, the proposed one can not only achieve near ZCS turnoff soft-switching feature but also can alleviate the voltage spike to 107 V, as shown in Fig. 13(b) . Moreover, Fig. 13(b) and (c) shows that the softswitching feature can be achieved at both light-and heavy-load conditions. Fig. 14 shows the measured waveforms of voltage V ds (M 8) and current I ds(M 8) from type A and the proposed one at M 8 turnoff transition. It can be observed that, with C b1 and C b2 , V ds(M 8) of the proposed converter rises up with a lower slope and the switching loss of (V ds(M 8) · I ds(M 8) ) becomes lower, achieving near ZCS turnoff soft-switching feature. Fig. 15 shows the measured waveforms of voltages V ds(M 5) and V ds(M 6) from type B and the proposed one under stepdown conversion. It can be observed that, due to large buffer capacitors C b1 and C b2 , voltage V ds of type B is ringing at switching transition, as shown in Fig. 15(a). Fig. 16 shows the measured waveforms of voltages V ds (M 5) and V b1 and current I ds(M 5) from type B and the proposed one under step-down conversion. It can be observed from Fig. 16(a) that, because of large buffer capacitors C b1 and C b2 , there exists high ringing current in type B at switching transition, which will result in high EMI noise and switching loss. On the other hand, the ringing current is much lower in the proposed converter, as shown in Fig. 16(b) . Fig. 17 shows the measured waveform of current i P under step-up conversion from the converter with an active clamp circuit [13] and the proposed one. It can be observed from Fig. 17(a) that the peak current of i P under the full-load condition is 48.1 A, which means the discharging current (48.1 − 30 = 18.1 A) of C C flowing through the main switches and increasing stress significantly. On the contrary, the energy stored in C C is recycled by the proposed passive and active snubbers, which can reduce the current stress. Fig. 18 shows the plots of conversion efficiency versus power level of type A and the proposed one operated in the step-up conversion. The processed power P FB by the flyback snubber in the proposed converter is 36 W, while P FB is 52.5 W in type A. The conversion efficiency of the proposed converter under the full-load condition is about 91.5%. However, since capacitor Fig. 17 . Measured current i P waveforms from (a) the converter with an active clamp circuit [13] and (b) the proposed one under step-up conversion and with 1.5-kW power rating. C C is fully discharged by the proposed operation scheme, power loss of the flyback snubber results in low efficiency under light-load condition, and the flyback snubber is controlled like that in type A when the load is lower than 500 W. Note that, under light-load condition, there is no voltage spike since capacitor C C can absorb the current difference between the leakage inductance and the inductor currents. Fig. 19 shows the plots of conversion efficiency versus power level of type A and the proposed one operated in the step-down conversion. It can be observed that the conversion efficiency of the proposed converter is close to that of type A since both of them are operated in similar manner. The key component loss estimation is summarized in Table II .
V. CONCLUSION
This paper has presented a soft-switching bidirectional isolated full-bridge converter, which allows input voltage variation from 42 to 54 V, for battery charging/discharging applications. The proposed converter can reduce the voltage spike caused by the current difference between leakage inductance and currentfed inductor currents, the current spike due to diode reverse recovery, and the current and voltage stresses, while it can achieve near ZVS and ZCS soft-switching features. The passive snubber can hold voltage V b1 or V b2 and improve the slew rate of di P /dt, which can reduce duty loss. However, near ZVS turn-on transition cannot be achieved under light-load condition in step-down conversion. Experimental results measured from the three types of 1.5-kW isolated bidirectional full-bridge dc-dc converters have verified that the proposed converter (type C) can yield the performance of lower voltage and current spikes, higher efficiency, and less ringing. It is suitable for highpower applications with galvanic isolation.
